Dose estimation for nuclear power plant 4 accident in Taiwan at Fukushima nuclear meltdown emission level  by Tang, Mei-Ling et al.
lable at ScienceDirect
Journal of Environmental Radioactivity 155-156 (2016) 71e83Contents lists avaiJournal of Environmental Radioactivity
journal homepage: www.elsevier .com/locate/ jenvradDose estimation for nuclear power plant 4 accident in Taiwan at
Fukushima nuclear meltdown emission level
Mei-Ling Tang, Ben-Jei Tsuang*, Pei-Hsuan Kuo
Dept. of Environmental Engineering, National Chung-Hsing University, Taichung, Taiwana r t i c l e i n f o
Article history:
Received 20 July 2015
Received in revised form
30 January 2016
Accepted 31 January 2016
Available online 23 February 2016
Keywords:
Radionuclides
Dispersion model
Nuclear power plant
Dose estimation* Corresponding author. No.250 Kuo-Kuang Rd.,
þ886 4 22853411.
E-mail addresses: btsuang@gmail.com, tsuang@nc
http://dx.doi.org/10.1016/j.jenvrad.2016.01.022
0265-931X/© 2016 The Authors. Published by Elseviea b s t r a c t
An advanced Gaussian trajectory dispersionmodel is used to evaluate the evacuation zone due to a nuclear
meltdown at the Nuclear Power Plant 4 (NPP4) in Taiwan, with the same emission level as that occurred at
Fukushima nuclear meltdown (FNM) in 2011. Our study demonstrates that a FNM emission level would
pollute 9% of the island's land areawith annual effective dose50mSv using themeteorological data on 11
March 2011 in Taiwan. This high dose area is also called permanent evacuation zone (denoted as PEZ). The
PEZ aswell as the emergency-planning zone (EPZ) are found tobe sensitive tometeorological conditions on
the event. In a sunny day under the dominatedNEwind conditions, the EPZ can be as far as 100 kmwith the
ﬁrst 7-day dose 20 mSv. Three hundred sixty-ﬁve daily events using the meteorological data from 11
March2011 to9March2012areevaluated. It is found that themean landareaof Taiwan inbecoming thePEZ
is 11%. Especially, the probabilities of the northern counties/cities (Keelung, New Taipei, Taipei, Taoyuan,
HsinchuCity, HsinchuCountyand IlanCounty) tobePEZs arehigh, ranging from15% in IlanCounty to51% in
Keelung City. Note that the total population of the above cities/counties is as high as 10 million people.
Moreover, the western valleys of the Central Mountain Range are also found to be probable being PEZs,
where all of the reservoirs inwesternTaiwanare located. Forexample, the probability canbe ashigh as 3% in
the far southern-most tip of Taiwan Island in Pingtung County. This shows that the entire populations in
western Taiwan can be at risk due to the shortage of cleanwater sources under an event at FNM emission
level, especially during the NE monsoon period.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Conventionally, the permanent evacuation zone (PEZ) as well as
plume exposure pathway emergency planning zone (EPZ) are
determined by using Gaussian plume formulation such as MACCS2
(Chanin and Young, 1997). Basic Gaussian plume formulation is
derived based on the assumptions of steady state and homoge-
neous, which assume that wind-vector and stability class remain
constant along a plume. Hence, the plume is always following
straight-line (straight-line-type plume). However, in general, the
wind ﬁeld is neither homogeneous nor stationary, especially in
complex terrain such as in Taiwan, where land-sea breeze and
valley-mountain wind dominate.
Recently, trajectory-type Gaussian plume models have been
developed, such as CALPUFF (Scire et al., 1990) and GTx (Tsuang,Taichung, 402, Taiwan. Tel.:
hu.edu.tw (B.-J. Tsuang).
r Ltd. This is an open access article2003). This trajectory-type plume models determine wind-vector
and stability class in each segment of a plume, using in-situ
meteorological data. Hence, the PEZ and EPZ determined by these
trajectory-type plume models are much more realistic than those
determined by the conventional straight-line-type plume models.
In addition, more advanced dry deposition and wet scavenging
mechanisms have been implemented in these trajectory-type
models. These two mechanisms are important to determine PEZ.
A magnitude of 9.0 earthquake hits the eastern coast of Japan on
March 11th, 2011. The earthquake triggered a tsunami, which
caused widespread death and destruction (NPA, 2011). The tsunami
was also responsible for a catastrophic nuclear accident involving
hydrogen explosions at the Fukushima Daiichi Nuclear Power Plant
(FDNPP) (Holt et al., 2012). Following the accident, radioactive
materials were released into the surrounding environment,
dispersed through the atmosphere, and deposited on the ground as
well as through water released into the ocean. Most radionuclides
were distributed in the top soil layer, as observed in rice paddy,
orchards and cedar forests, in highly contaminated areas within an
80 km radius zone of the Fukushima power plant (MEXT, 2011;under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 1
Information of the nuclear power plant 4 in Taiwan (AEC/TW, 2012).
Unit NPP4 (also known as Lungmen
NPP)
1st 2nd
Operation since Under construction
Location Gongliao District, New Taipei City
Coordinates 121.924 E, 25.039 N
Reactor supplier General Electric Company
Reactor type Advanced boiling water reactor
Capacity (MW) 2700
M.-L. Tang et al. / Journal of Environmental Radioactivity 155-156 (2016) 71e8372Ohno et al., 2012; Yamamoto et al., 2012, 2014). Milk, vegetables,
and other foodstuffs were found to be contaminated at levels that
exceeded regulation values for 131I, 134Cs and 137Cs in or near
Fukushima prefectures (MHLW, 2011; Hamada and Ogino, 2012).
Unfortunately, the nuclear power plant 4 (Fig. 1; Table 1) built in
Taiwan is very similar to FDNPP. The plant is built close to the sea,
with a distance within 500 m to the coastline (AEC/TW, 2013d) and
is at elevation 12 m above sea level (ASL). Note that in northern
Taiwan, the Ryukyu Trench off the eastern coast could prompt an
earthquake, and the Tatun Volcano Group may still be potentially
active rather than extinct (Konstantinou et al., 2007). Furthermore,
Taiwan has the second highest national population density in the
world (MOI, 2011); its mountain ridges, which reach a height of
3952 m ASL, occupies much of Taiwan's total land area of
36,000 km2. Taiwan's approximately 23 million people mostly live
on the coastal plain along the western part of the island, especially
in large metropolitan areas like Taipei, Taichung and Kaohsiung.
Nuclear power plants in northern Taiwan had been ranked as the
most dangerous nuclear power plants in the world (Butler, 2011).
NPP4 is located in New Taipei City, and the direct distance to Taipei
City, the capital of Taiwan, is only 40 km. The population in the
Taipei metropolitan (Taipei City þ New Taipei City) is as high as 6.6
million (MOI, 2013). What would happen if a nuclear meltdown
was to occur at the NPP4? Could we accept or deal with the con-
sequences? Timely evacuation would be impossible due to the
massive population and all emergency resources would be cata-
strophically overwhelmed. This study tries to quantify the conse-
quences based on the emission scenario from the Fukushima
nuclear power plant accident (WHO, 2012).Fig. 1. Geographic features, population distribution, and location of the NPP4 in
Taiwan (MOI, 2013).
Fig. 2. Schematic description of Gaussian trajectory transfer coefﬁcient model (GTx). S-
coordinate is along the forward-trajectory from a source.2. Methodology
To address the questions about radiation behavior which would
follow a nuclear power plant accident in Taiwan, we used the
Gaussian trajectory transfer-coefﬁcient model (denoted as GTx)
(Fig. 2) (Tsuang, 2003; Chen et al., 2002) to simulate surface
deposition and air concentration of radionuclides. To quantify the
radioactive fallout, we used the dry and scavenging deposition
mechanisms of the Gaussian trajectory transfer-coefﬁcient
modeling system (GTx) to calculate air concentration and surface
deposition. GTx combines the trajectory model with the Gaussian
puff equation to simulate the trajectory of plume and the receptor/
source relationship, and the dispersion of air pollutants in Taiwan
(Tsuang, 2003; Chen et al., 2002; Kuo et al., 2009). The simulation
domain is all of Taiwan and the surrounding ocean
(119.74e122.10 E, 21.69e25.39 N); grid resolution is 1 km 1 km,
and our study is particularly focused on the land subject to radio-
nuclide coverage. More detailed descriptions of dry and scavenging
deposition mechanisms are derived, as shown in the Appendix, and
more details of the results will be shown later in the paper.
We assumed radionuclides adsorbed in small particle size with
each element, constituted by aerosol and vapor and based on
aerodynamic diameters, aerosols with <0.95 m m bore 75e80% of
the aerosol activity as observed at the sites of the Fukushima and
Chernobyl accidents (Mala et al., 2013). According to the charac-
teristics of radionuclides, the mean ratio of gas-plus-particle I-131
to particle I-131 is 5.28 (Ten Hoeve and Jacobson, 2012). The iodine
radionuclides were in the forms of aerosol and vapor, and all other
radionuclides were in aerosol form in the model. The emissions
data were adopted from a World Health Organization report
collected on 13 species of radionuclides (Table 2); the data was
Table 2
Radionuclide emissions from Fukushima Nuclear Power Plant (WHO, 2012), emissions used for emergency planning zone in Taiwan (AEC/TW, 2013c), isotope radiative decay
coefﬁcient km, and physical half-life of related radionuclides (Unterweger et al., 1992).
Radionuclide WHO emission (Bq/event) AEC/TW emission (Bq/event) Physical half-life (days) km (1/s) Mean decay factor*
7 day 1 yr. 10 yr. 50 yr.
140Ba 3.13Eþ15 0 12.8 6.29E-07 0.751 5E-02 0Eþ00 0Eþ00
134Cs 1.76Eþ16 0 753.9 1.06E-08 0.855 8E-01 4E-02 6E-08
137Cs 1.53Eþ16 0 11018.3 7.28E-10 0.857 9E-01 8E-01 3E-01
144Ce 1.15Eþ13 0 284.5 2.82E-08 0.852 7E-01 2E-04 0Eþ00
131I 1.59Eþ17 1.36Eþ15 8.0 1.00E-06 0.698 3E-02 0Eþ00 0Eþ00
132I 1.30Eþ13 1.98Eþ15 0.096 8.36E-05 0.143 3E-03 0Eþ00 0Eþ00
133I 4.21Eþ16 2.8Eþ15 0.866 9.26E-06 0.257 5E-03 0Eþ00 0Eþ00
135I 2.27Eþ15 2.63Eþ15 0.357 2.25E-05 0.167 3E-03 0Eþ00 0Eþ00
103Ru 7.50Eþ09 0 39.3 2.04E-07 0.821 2E-01 0Eþ00 0Eþ00
106Ru 2.14Eþ09 0 373.6 2.15E-08 0.853 7E-01 2E-03 3E-15
127mTe 1.09Eþ15 0 109.0 7.36E-08 0.844 4E-01 3E-10 0Eþ00
129mTe 3.33Eþ15 0 33.6 2.39E-07 0.815 1E-01 0Eþ00 0Eþ00
131mTe 4.95Eþ15 0 1.2 6.42E-06 0.324 6E-03 0Eþ00 0Eþ00
Aerosol phase 2.16Eþ17 7.37Eþ15 e e e e e e
Vapor phase 3.24Eþ16 1.40Eþ15 e e e e e e
Sum 2.49Eþ17 8.77Eþ15 e e e e e e
M.-L. Tang et al. / Journal of Environmental Radioactivity 155-156 (2016) 71e83 73collected during the period fromMarch 12th18th 2011, estimated
by the Ministry of Foreign Affairs of Japan and reported by WHO
(2012). Although Pu is of interested from its toxic and long phys-
ical half-life (Bu et al., 2014), this study didn't take the Pu isotope
into consideration due to the lack of Pu's emission inventory in the
WHO report. The radionuclide ratio between aerosol and vapor is
87:13 in this study.3. Result and discussion
NPP4 is our main focus. Six scenarios are discussed and simu-
lated with the same emission level as the Fukushima nuclear
meltdown (FNM) event (Table 2), but are varied with meteorolog-
ical and emission conditions (initial puff height and initial puff
temperature) (Table 3). Note that we set emission height at 30m by
following the heights of major facilities of Lungmen Nuclear Power
Plant (AEC/TW, 2012). Cooperating with 300 K as default conditions
by assuming the radionuclides disperse on the air as well as room
temperature. In addition, we also choose higher explosion tem-
perature as 773 K for comparison with the model result.
We simulate the air concentration and surface deposition by
summating the 13 species of radioactive isotopes to quantify the
contaminated area. We also estimate the effective dose and evac-
uation zone from the four exposure ways, which are the key points
to affect the short-term effects and long-term strategy if an acci-
dent occurs. In addition, 365 events on each day from 11 March
2011 to 9 March 2012 at the FNM emission level are evaluated. The
probabilities becoming a permanent evacuation zone (PEZ) for the
counties in Taiwan are quantiﬁed.
The wind ﬁeld was determined at trajectory points derived by
interpolating the observed meteorological data of the island
maintained by Taiwan's Central Weather Bureau, Taiwan'sTable 3
Scenarios of various emission conditions and dates for meteorological data tested in this
Scenario IDs Emission period
Rainy (or hs30ts300) 2011/3/11
hs500ts300
hs500ts773
hs30ts773
Southwest 2011/8/11
Sunny 2011/2/6
Daily event 2011/3/11e2012/3/9, separatelyEnvironmental Protection Agency, and other private agencies.
Observational data for rainfall on March 11th, 2011 shows the rain
fell mostly on the northern part of the island and has a strong in-
ﬂuence on the simulated dose distribution for that day. For the
same day, the prevailing winds are northeasterly or northerly is-
land wide over the ﬂatland, with valley winds dominating the
rougher terrains (Fig. 3).3.1. Simulated air concentration and deposition
Except for the southwest scenario, all radionuclides would
result in dispersion overmost of the northern part of the island, and
northeasterly winds are the reason to make the plume traveling
inland. In the ﬁrst four scenarios, the highest concentrations of the
radionuclides would occur in northern counties including New
Taipei City, Taipei City, and Keelung City, where the highest con-
centration of the ﬁrst year mean can be 500 Bq/m3 with accu-
mulated surface deposition 3 MBq/m2 (Figs. 4 and 5). Besides,
higher release height had a farthest effect on contamination pat-
terns than higher explosion temperature had. Moreover, it can be
found that a large number of nuclides would deposit particularly in
the valleys of the Central Mountain Range in central and southern
Taiwan. It is due to the fact that valleys are less ventilated and
mountains are frequently covered with mist and rain.
In the southwest scenario, southwesterly winds made the
plume condense in the prefecture of the NPP4 and deposit on the
ocean. However, the sunny scenario has bigger contaminated
concentrations but less accumulated surface deposition on the land
of Taiwan than in rainy day, which determined by the slowly dry
deposition rate and without rain to make the radionuclides
deposited on the NPP prefectures. The highest concentrations of
the radionuclides not only covered New Taipei City, Taipei City, andstudy.
Emission height (m) Emission temperature (K)
30 300
500 300
500 773
30 773
30 300
30 300
Fig. 3. Average wind ﬁeld and accumulated precipitation in each release day, data from EPA meteorological stations: (a) rainy; (b) southwest; (c) sunny; (d) daily events.
Fig. 4. Mean concentration with radiative decay adjustment (Bq/m3) for the ﬁrst 7-days in Taiwan for cumulate effects of 13 species radioactive isotopes from NPP4 after the event
based on the Fukushima NPP accident emission level (WHO, 2012): (a) rainy; (b) hs500ts300; (c) hs500ts773; (d) hs30ts773; (e) southwest; (f) sunny.
Fig. 5. Mean accumulated surface deposition with radiative decay adjustment (MBq/m2) for the ﬁrst year in Taiwan for cumulate effects of 13 species radioactive isotopes from
NPP4 after the event based on the Fukushima NPP accident emission level (WHO, 2012): (a) rainy; (b) hs500ts300; (c) hs500ts773; (d) hs30ts773; (e) southwest; (f) sunny.
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County with 1000 Bq/m3, and numerous accumulated surface
deposition (1 MBq/m2) deposit on the ocean.
MEXT (2011) had demonstrated that for 134Cs and 137Cs, the
concentration are approximately 3000 kBq/m2, and an accumu-
lated dose of 19 mSv are deposited at the FDNPP prefecture over an
one year period. In comparison, our result showed that the
contaminated area associated with the air dose rate is much greater
than this research caused of MEXT (2011) only monitored theradionuclides above ground within 80 km of FDNPP, but our study
calculated 13 species radioisotopes, not just 134Cs and 137Cs.3.2. Deposition characteristic
Sportisse (2007) analyzed the parameterization of radionuclides
comparing dry and scavenging mechanisms, relying on the gas/
aerosol (vapor/aerosol) partition and the partition of organic and
inorganic forms and aerosol size distribution. In our model, dry
M.-L. Tang et al. / Journal of Environmental Radioactivity 155-156 (2016) 71e83 75deposition fractions were between 0.01 and 0.46% depending on
particle size, the scavenging deposition velocity is taken from
Seinfeld and Pandis (1998), and the scavenging coefﬁcient is
5  106 s1 in the aerosol phase. Dry deposition velocity is taken
from Padro et al. (1991) and from the U.S. EPA (EPA/US, 1995), and
the scavenging deposition coefﬁcient is 9  1012 s1 in the vapor
phase. Dry deposition has a signiﬁcant inﬂuence and a wide dis-
tribution induced by slow deposition velocity in the vapor phase.
On the other hand, in the aerosol phase, fast scavenging deposition
velocity resulted in particle centralization with heavy contamina-
tion in the NPP4 vicinities (Fig. 6).3.3. Deposition ratio
The results indicate that radionuclide distributions depend on
the meteorological conditions, terrain, precipitation, and nuclide
phase characteristics. All the ratios are less than one, which are
reasonable due to the mass conservation law. The remaining ra-
dionuclides should be deposited outside of the simulation domain.
The simulation domain covers the entire island of Taiwan.
To evaluate the sensitivity of dispersion patterns to emission
height and emission temperature, emission heights at 30 m and
500 m as well as emission temperatures at 300 K and 773 K are
tested (Table 4). Release height had a much greater effect on the
deposition density than emission temperature. For the same
emission temperature at 300 K, there is a 59% radioactive fallout
when the release height is set at 500 m, but there is 48% when the
height is set at 30 m. In contrast, for the same emission height at
30 m, there is a 48.2% radioactive fallout when the release tem-
perature is set at 773 K, but there is 48.1% when the temperature is
set at 300 K. Release height inﬂuences how much time it takes for
nuclides to deposit to the ground.
We also chose a sunny day without precipitation for the emis-
sion event in order to discriminate dry from wet scavenging
deposition. The ratio points out that scavenging deposition of nu-
clides originating from NPP4 would increase by about 48.79% in the
aerosol phase and 43.59% in the vapor phase on rainy days as
compared with emission event days. Contaminated region deter-
mined by the dry deposition rate expanded more slowly and has
lower dosage near the NPP4 prefectures than raining days. If,
instead of a northeasterly wind, we assumed southwesterly winds,
then deposition will move to the East China Sea and the ratio will
decline to 0.81% and 0.51% for the vapor and aerosol phases,Fig. 6. Means of dry and scavenging depositionsrespectively. Southwesterly winds and rain make the radionuclides
to concentrate near the NPP4 prefectures and East China Sea.3.4. Dose assessment
Humans are exposed to radiation via four important pathways:
inhaling the radionuclides as a gas in the atmosphere (inhalation);
air submersion in clouds (cloud shine); reﬂection and refraction of
the radionuclides from the ground (ground shine); and ingesting
the radionuclides in food and water (ingestion). In this study, only
human adults were considered. The dose conversion coefﬁcients of
inhalation, ingestion and ground shine are taken from a WHO
report (2012), over an integration period of 50 years for an adult.
The WHO report doesn't show all species of radionuclides from
cloud shine, so we inferred cloud shine effect from Eckerman and
Ryman (1993). The calculations assume that the people didn't
take protective actions during the accident and will remain
exposed externally from deposition of radionuclides.
The cloud shine effective dose of radioactive material was
calculated as:
Eclua ¼
X
m
Cm$decluma$Dm;7d (1)
where Eclua is the effective dose of radioactive materials from cloud
shine for adult a; Cm is the time-integrated activity concentration in
air of radionuclide m in Bq m3, estimated from the GTx model;
declum;a is the air submersion effective dose coefﬁcient of radionuclide
m for adult a in Sv per Bq s m3. Dm,7d is the 7-day mean decay
factor of radionuclide m as listed in Table 2.
The inhalation effective dose of radioactive materials with
aerosol-vapor phase composition was calculated as:
Einha ¼ Ia$
X
m
Cm$

deinhm;a;a$pa þ deinhm;a;v$pv

$Dm;7d (2)
where Einha is the effective dose of radioactive materials from
inhalation in aerosol and vapor form for adult a. Ia is the breathing
rate of an adult a at 22.18 m3 d1 pa is the aerosol proportion and pv
is the vapor proportion of aerosol and vapor given in Ten Hoeve and
Jacobson (2012). deinhm;a;a and de
inh
m;a;v are the dose conversion co-
efﬁcients of radionuclidem of adult a, in the forms of aerosol a and
vapor v in Sv Bq1, respectively. More details of dose coefﬁcients are
shown in WHO report (2012).in vapor and aerosol phases of Daily event.
Table 4
Deposition/emission ratios over land of various scenarios (119.74e122.10 E, 21.69e25.38 N).
Scenario ID Aerosol phase Vapor phase Total
Deposition (Bq) (Dep./Emi., %) Dry Scavenging Dry Scavenging Total Total (137Cs)
Emission (Bq) 2.16Eþ17 3.24Eþ16 2.49Eþ17 1.53Eþ16
Rainy (or hs30ts300) 3.24Eþ14 (0.15%) 1.05Eþ17 (48.64%) 1.41Eþ16 (43.59%) 9.37Eþ09 (3E-5%) 1.20Eþ17 (48.12%) 7.47Eþ15 (48.79%)
hs500ts300 3.21Eþ13 (0.01%) 1.36Eþ17 (62.88%) 1.05Eþ16 (32.45%) 7.32Eþ09 (2E-5%) 1.47Eþ17 (58.93%) 9.62Eþ15 (62.89%)
hs500ts773 3.21Eþ13 (0.01%) 1.36Eþ17 (62.88%) 1.05Eþ16 (32.45%) 7.32Eþ09 (2E-5%) 1.47Eþ17 (58.93%) 9.62Eþ15 (62.89%)
hs30ts773 3.26Eþ14 (0.15%) 1.05Eþ17 (48.64%) 1.43Eþ16 (44.15%) 9.37Eþ09 (3E-5%) 1.20Eþ17 (48.19%) 7.47Eþ15 (48.79%)
Southwest 2.90Eþ13 (0.01%) 1.74Eþ15 (0.80%) 1.65Eþ14 (0.51%) 1.43Eþ07 (4E-8%) 1.93Eþ15 (0.78%) 1.25Eþ14 (0.81%)
Sunny 2.20Eþ15 (1.02%) 2.44Eþ15 (1.13%) 4.19Eþ15 (12.95%) 1.05Eþ07 (3E-8%) 8.84Eþ15 (3.55%) 3.28Eþ14 (2.15%)
Daily event 1.20Eþ15 (0.56%) 4.97Eþ16 (22.99%) 7.61Eþ15 (23.50%) 3.48Eþ09 (1E-5%) 5.86Eþ16 (23.54%) 3.60Eþ15 (23.55%)
* 137Cs only constitute in the forms of aerosol.
Fig. 7. Contaminated land areas of Taiwan with ﬁrst-year annual doses 50 mSv by
summation of the ingestion and ground shine exposure pathways for 13 species of
radioactive isotopes for scenarios listed in Table 3.
Fig. 8. Radionuclides effective doses of accumulated 13 species on rainy event in Taiwan fr
ingestion, ground shine and cloud shine pathways.
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calculated as:
Egroa ¼
X
m
Am$de
gro
m;a$Dm;1y (3)
where Egroa is the effective dose of radioactive materials from
ground shine for adult a. Am is the total surface activity density of
radionuclide m on the ground (Bq m2) estimated in GTx. degrom;a is
the effective external dose coefﬁcient of radionuclide m for adult a
in Sv per Bq m2. Dm,1y is the ﬁrst year mean decay factor of radio-
nuclide m as listed in Table 2.
The ingestion effective dose of radioactive material was calcu-
lated as:
Einga ¼
X
m
Am$Dm;1yde
ing
m;a
X
f

Ff $Cmf

(4)
where Einga is the effective dose of radioactive materials from
ingestion. deingm;a is the effective ingestion dose coefﬁcient of radio-
nuclide m for adult a in Sv per Bq m2. Ff is the annual food con-
sumption rate for food category f (kg per person per year). Cmf is the
radionuclide concentration factor for food category f of radionu-
clide m (Bq y/kg per Bq m2).om NPP4 after the event based on the FNM emission level (WHO, 2012) by inhalation,
Fig. 9. Simulated contamination areas of accumulated 13 species of nuclides effective doses for the ﬁrst 7 days in Taiwan from NPP4 after the event based on the FNM emission level
(WHO, 2012) by inhalation and cloud shine pathways: (a) rainy; (b) hs500ts300; (c) hs500ts773; (d) hs30ts773; (e) southwest; (f) sunny.
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It's well known that 131I, 134Cs, and 137Cs are the main radioac-
tive isotopes to affect the environment in the vicinity of a nuclear
accident, and also that cumulative effects of 13 nuclides are greater
than any of the single species alone (Fig. 7). 131I and 137Cs are target
nuclides with high probabilities of inducing health damage, like
thyroid cancer, lung cancer, and leukemia. Inhalation and cloud
shine have less effect than ground shine and ingestion, and nor-
mally impact the circumstances for only a few days after anaccident (Fig. 8); after spreading through the atmosphere the nu-
clides are deposited naturally or washed out by rainfall. Inhalation
and cloud shine are the prominent factors to consider during an
emergency response. For individuals, moving away from the nu-
clear power plant surroundings and ﬁnding a shelter to reduce air
convection from outdoor to indoor can reduce 80% of the external
exposure (AEC/TW, 2013a). Also recommended is taking potassium
iodide to prevent radioactive iodine from entering into the thyroid
gland when acute exposure is over 100 mSv, especially for thyroid
patients, pregnant women, and infants (AEC/TW, 2013a). Intake of
Fig. 10. Simulated contamination areas of accumulated 13 species of nuclides effective doses for the ﬁrst year in Taiwan from NPP4 after the event based on the FNM emission level
(WHO, 2012) by ingestion and ground shine pathways: (a) rainy; (b) hs500ts300; (c) hs500ts773; (d) hs30ts773; (e) southwest; (f) sunny.
M.-L. Tang et al. / Journal of Environmental Radioactivity 155-156 (2016) 71e8378I-131 in adults and children comes mostly from drinking water;
milk and other dairy products also contributed substantially to
intake in children and infants after the Fukushima accident
(Murakami and Oki, 2012).
The standard ordering pathways e ingestion, ground shine,
inhalation, and cloud shine according to amount of exposure that
organisms are likely to receive e is consistent with the observationdata of 137Cs after Chernobyl accident (IAEA, 1995). Ingestion and
ground shine are the major contributors of the effective dose at
FDNPP (Srinivas et al., 2014). Moreover, ingestion and ground shine
are the most important determiners of long-term effects. 137Cs
would be the key isotope because slow degradation makes it
remain radioactive in the environment for a long time. Evidence
has shown that approximately 80% of deposited radionuclides are
Table 5
Ratio of permanent evacuation zone (PEZ, annual dose of ingestion and ground shine 50 mSv) for the land of corresponding district (%).
District Area (km2) Ratio of PEZ for the land of corresponding district (%) Mean probability distribution ratio of PEZ (%)
of daily events from 11 March, 2011 to 9 March, 2012
Rainy
(or hs30ts300)
(2011/3/11)
hs500ts300
(2011/3/11)
hs500ts773
(2011/3/11)
hs30ts773
(2011/3/11)
Southwest
(2011/8/11)
Sunny
(2011/2/6)
Keelung City 103 84 81 81 84 31 84 51
New Taipei City 2017 62 60 60 62 16 63 48
Taipei City 211 73 65 65 73 0 47 38
Taoyuan County 1228 50 65 65 50 0 63 30
Hsinchu City 93 29 90 90 29 0 19 18
Hsinchu County 1426 9 17 17 9 0 14 16
Ilan County 2070 3 1 1 3 2 1 15
Miaoli County 1832 0 0 0 0 0 0 6
Changhua County 988 0 0 0 0 0 0 3
Nantou County 4058 0 0 0 0 0 0 3
Kaohsiung County 2782 22 3 3 22 0 0 3
Pingtung County 2526 5 3 3 5 0 0 3
Taichung City 112 0 0 0 0 0 0 2
Taichung County 2089 0 0 0 0 0 0 2
Yunlin County 1276 0 0 0 0 0 0 2
Chiayi County 1892 0 0 0 0 0 0 2
Kaohsiung City 160 0 0 0 0 0 0 1
Tainan City 59 0 0 0 0 0 0 1
Chiayi City 31 0 0 0 0 0 0 1
Tainan County 1728 0 0 0 0 0 0 1
Hualien County 4330 0 0 0 0 0 0 1
Taitung County 2941 1 0 0 1 0 0 1
Taiwan 33,952 9 8 8 9 1 7 11
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for many years (Filipovic-Vincekovic et al., 1991; Giani, 1997; Kato
et al., 2012).
3.6. Evacuation zone
For planning purposes, the U.S. NRC deﬁnes two emergency-
planning zones around each nuclear power plant (NRC, 2012).
The exact size and conﬁguration of the zones vary from plant to
plant due to local emergency response needs and capabilities,
population, land characteristics, access routes, and jurisdictional
boundaries. The two types of emergency-planning zones are: 1) the
emergency-planning zone due to plume exposure pathway
(denoted as EPZ here), extending about 10 miles in radius around a
plant, with the primary concern being the exposure of the public to,
and the inhalation of, airborne radioactive contamination; and 2)
the emergency-planning zone due to ingestion pathway (denoted
as PEZ here), extending about 50 miles in radius around a plant,
with the primary concern being the ingestion of food and liquid
contaminated by radioactivity.
Fig. 9 shows that the EPZs, by inhalation and cloud shine with
the ﬁrst 7-day doses exceeding 20 mSv, vary with meteorological
conditions (Table 3) from about 10 km during rainy conditions
(hs30ts300, hs500ts300, hs500ts773, hs30ts773) to 100 km in
sunny conditions from NPP4 at FNM emission level, usually from
September to April when NE wind dominates in Taiwan. Studies
done after the Fukushima accident have recommended an evacu-
ation zone with a radius of 20 km and a sheltering zone with a
radius of 30 km (Wakeford, 2011; WHO, 2012). US authorities
advised residents living within an 80 km radius of the Fukushima
accident to evacuate when estimated four-day doses could exceed
1 rem (10 mSv) (NRC, 2011; Lochbaum and Lyman, 2012). None-
theless, Taiwan's Atomic Energy Council (AEC/TW) has proposed an
emergency planning zone (EPZ) of 8 km, with 50 mSv being the
target dosage to take actions of preventive evacuation, which could
help people take temporary protective measures and reduce their
chances of radiation exposure (AEC/TW, 2013b). However, therange of 100 km distance downwind from the NPP4 by inhalation
and cloud shine in sunny scenario is much larger than 8 km as
suggested by AEC/TW. The discrepancy is due to 1) the emission
level (at 8.8Eþ15 Bq) used by AEC/TW is 28 times less than that at
FNM event (at 2.5Eþ17 Bq), and 2) the emission of 134Cs and 137Cs is
assumed to be zero by AEC/TW (Table 2). Note that AEC/TW as-
sumes the containment building still remains intact under nuclear
meltdown, while that during the FNM event the building had
exploded. Moreover, the wind direction is a key parameter for
handling evacuation when a nuclear power plant was melted
down. It can be seen that EPZ reduces to about 8 kmwhen SWwind
dominates. Note that SW wind is usually occurred from May to
August in Taiwan.
Fig. 10 shows the ﬁrst-year doses by accounting the long-lasting
exposure pathways (ground shine and ingestion) of the 6 cases as
listed in Table 3. Intermediate phase of an accident (ﬁrst 30 days to
a year) is the stage for relocation, decontamination, and controlling
the spread of surface contamination (EPA/US, 2013). Japanese
government had told that residents can't go back home designated
as “no go” zones with an annual dose50mSv for at least ﬁve years
(McCurry, 2013). Note that after ﬁrst few days, its major pathways
are ingestion and ground shine only. This high dose area is also
called the permanent evacuation zone (denoted as PEZ). U.S. EPA
has indicated that food interdiction is limiting to any individual
organ or tissue with an annual dose 50 mSv (EPA/US, 2013). Our
results indicate that the PEZ, by ground shine and ingestion, can be
from NPP4 to as far as approximately 100 km downwind for all the
cases as listed in Table 3. More details of the PEZs of each county
(city) in Taiwan are listed in Table 5. Comparisons of the dose maps
reﬂect the discrepancies and uncertainties involved in the sce-
narios chosen. The results vary more with the meteorological data
chosen than with the choices of emission height and puff temper-
ature. Approximately 1e9% of the land in Taiwanwould be covered
by radionuclides with a ﬁrst-year annual dose 50 mSv for the 6
scenarios. Moreover, it is found that in the 300 kmdownwind, there
is a region with annual dose 50 mSv in a western valley of the
Central Mountain Range in Kaohsiung County for various emission
M.-L. Tang et al. / Journal of Environmental Radioactivity 155-156 (2016) 71e8380conditions (hs30ts300, hs500ts300, hs500ts773, hs30ts773) using
the meteorological data on 11 March, 2011. Furthermore, it is found
that all the major reservoirs (e.g., Xinshan Reservoir, Feitsui
Reservoir, Shihmen Reservoir, Baoshan Reservoir, Deji Reservoir,Fig. 11. Probability distribution (%) with accumulated 13 species of nuclides with annual dos
daily events from 11 March, 2011 to 9 March, 2012.Wushe Reservoir, Sun Moon Lake Reservoir, Zengwen Reservoir,
and Nanhua Reservoir) in western Taiwan can be contaminated
with annual dose ranging from 1 mSv to 50 mSv using the
meteorological data on 11 March, 2011. This implies that the entiree  10, 20, 50, 80 mSv by ingestion and ground shine in the ﬁrst year from NPP4 of 365
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clean water sources when a FNM had occurred at NPP4 on 11
March, 2011. Nonetheless, AEC/TW does not provide the ingestion
pathway EPZs for nuclear power plants in Taiwan since the
assessment of ingestion exposure pathway is not required by the
agency for nuclear-meltdown emergency planning. Note that
drinking water sources contaminated with radioactive isotope near
Tokyo, as far as 200 km from the FDNPP after the FNM accident, was
found (Kerth et al., 2012).
Fig. 11 shows the probability of the accumulated 13 species of
nuclides with annual dose 10, 20, 50, 80 mSv by ingestion and
ground shine in the ﬁrst year fromNPP4 of 365 daily events from 11
March, 2011 to 9 March, 2012. By focusing on the annual dose
50mSv ((i.e., PEZ), fromNPP4 to approximately 10 km downwind,
the probability to be PEZ is as high as 70%. More details for the
probability of becoming PEZ for each county (city) in Taiwan are
listed in Table 5. The probabilities of the northern counties (cities),
where NPP4 is located, to be PEZ are high. The probability for
Keelung City is 51%, New Taipei City is 48%, Taipei City is 38%, and
Taoyuan County is 30%. Note that the total population of the
aforementioned four cities/counties is as high as 9million people. It
is an unbearable social as well as economic disaster for a country to
relocate about half of its population to a new location with un-
contaminated land with clean water-and-food supplies.
Moreover, the valleys in the western Central Mountain Range
are also found to have the probabilities in becoming PEZs, where all
the reservoirs in western Taiwan are located. For example, the
probability of Pingtung County, in the far southern-most tip of
Taiwan, to be PEZ is 3%. This shows that the entire populations in
western Taiwan can be at risk due to the shortage of clean water
sources while NPP4 is melted down.
4. Conclusion and suggestion
This study uses an advanced Gaussian trajectory atmospheric
dispersion model to evaluate the effective dose patterns for 13
species of radioactive isotopes from Nuclear Power Plant 4 in
Taiwan at the FNM emission level. Sensitivity analyses of various
dispersion conditions and meteorological conditions are conduct-
ed. Both the permanent evacuation zone (PEZ) and emergency-
planning zone (EPZ) are determined. The results show that the
largest PEZ is occurred under rainy conditions, while the largest EPZ
is occurred under sunny condition. Both the largest PEZ and EPZ are
occurred during September to April when NE prevailing wind
dominates.
It is found that the plume exposure pathway EPZ, which
considering inhalation and cloud shine only, is mainly determined
by 131I. The EPZ can be as far as 100 km on a sunny day with the ﬁrst
7-day dose 20 mSv. The range reduces to about 10 km during
raining conditions. However, the range of 100 km on a sunny day is
much greater than 8 km as suggested by AEC/TW. The discrepancy
is due to the emission level used by AEC/TW is 28 times less than
that at FNM event (Table 2). About 5 million of the population has
to be evacuated in the northeasterly monsoon season (SepeApril)
in a sunny scenario. The population reduces to 15 thousands on a
rainy day (such as 11 March, 2011) in the northeasterly monsoon
season. Meanwhile the affected population reduces to 18 thousands
in the southwesterly monsoon season (MayeAugust). The con-
centration of 131I is the most important radioactive isotope among
the 13 species of radioactive isotopes for the determination of
plume exposure pathway EPZ.
In contrast, the mean probability of the land area of Taiwan to
become PEZ is high as 11%, which is evaluated according to three
hundred sixty-ﬁve daily events using the meteorological data from
11 March, 2011 to 9 March, 2012. Ground shine and ingestionpathways, mostly due to the dry and the wet depositions of 134Cs
and 137Cs, dominate the PEZ. The probabilities for the northern
counties (cities), where NPP4 is located, to be PEZs are high. The
probability for Keelung City is 51%, New Taipei City is 48%, Taipei
City is 38%, and Taoyuan County is 30%. Note that the total popu-
lation of the aforementioned four cities/counties is as high as 9
million people. Moreover, the western valleys in the Central
Mountain Range are also found to be probable in being PEZs, where
all of the reservoirs inwestern Taiwan are located. For example, the
probability of Pingtung County, in the far southern-most tip of
Taiwan to be PEZ is 3%. This shows that the entire populations in
western Taiwan can be at risk due to the shortage of clean water
sources.Acknowledgments
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proofreading.Appendix A. Model description
For a piecewise steady-state Gaussian plume, the radionuclide
concentration Cm (Bq m3) at a travel time s (s) and at a crosswind
distance y (m) from an elevated point source with an emission rate
of qm (Bq s1) of a radionuclide m is given as (e.g. EPA/US, 1995):
Cmðs; y; zÞ ¼ qmFmðsÞ2pussyðsÞszðsÞ exp
"
 0:5

y
syðsÞ
2#
Vðs; zÞ (A1)
where us is the effective plume height wind speed (m s1); sy and sz
are horizontal and vertical dispersion parameters (m), respectively;
Fm is the mass fraction of radionuclidem that remains in the plume
after a travel time of t; V(s,z) is the vertical distribution fractionwith
respect to the plume center line.
The vertical term V is given as (EPA/US, 1995):
Vðs; zÞ ¼
X∞
i¼∞
(
exp
"
 0:5

z 2ihm  he
sz
2#
þ exp
"
 0:5

zþ 2ihm þ he
sz
2#)
Padj (A2)
where he is the effective plume height ð¼ hs þ Dhþ
R
wdsÞ (m); hs is
the stack height (m); Dh is the height of plume rise; w is the
vertical-wind velocity (m s1); z is receptor height above the
ground (m) and hm is themixing height (m). Note that in contrast to
the conventional formulation, the effective plume height is calcu-
lated accounting for the vertical movement due tow term here. For
an effective plume height higher than the mixing layer (ML), i is set
to be zero to exclude mirror stacks from the ML. Padj is a vertical
proﬁle adjustment factor, which modiﬁes the reﬂected Gaussian
distribution of Eq. (A2), so that the effects of dry deposition on near-
surface concentrations can be simulated. A scheme suggested by
EPA/US (1995) was tested by Schwede and Paumier (1996). A
similar adjustment was made by Byun and Dennis (1995) for an
Eulerian model.
The mass fraction Fm of radionuclide m can be determined
(Tsuang, 2003) as:
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2
4 Z s
0
ðkmðtÞ þ pðtÞLmðtÞ þ kdmðtÞÞdt
3
5 (A3)
where km is the isotope radiative decay coefﬁcient (s1) (Table 2),
Lm is the scavenging coefﬁcient for radionuclide m (s1), and p is
the time fraction of raining (dimensionless) (McMahon and
Denison, 1979). The variable kdm is dry deposition decay coefﬁ-
cient, which can be determined (Tsuang, 2003) as:
kdmðtÞ≡
vdmðtÞVðs; zdÞﬃﬃﬃﬃﬃﬃ
2p
p
szðsÞ
(A4)
where vdm is the dry deposition velocity for radionuclidem (m s1)
(Seinfeld and Pandis, 1998;Wesely, 1989) and zd is a height near the
surface at which the deposition ﬂux is calculated (m).
Total surface activity density Am of radionuclidem on the ground
(Bq m2) can be determined by summation of its dry deposition
ﬂux (Dm) and wet deposition ﬂux (Sm) (Bq m2 s1) over time as:
Am ¼
Z t
0
ðDm þ SmÞdt (A5)
where the dry deposition ﬂux Dm can be determine (Seinfeld and
Pandis, 1998; Wesely, 1989) as:
DmðtÞ ¼ vdcðtÞCðs; y; zdÞ
¼ vdcðtÞ
qcFcðsÞ
2pussyðsÞszðsÞ exp
"
 0:5

y
syðsÞ
2#
Vðs; zdÞ
(A6)
Note that the second line is derived by putting Eq. (A1) into the
ﬁrst line. And wet deposition ﬂux (Sm) can be determined
(McMahon and Denison, 1979) as:
SmðtÞ¼
Z ∞
∞
pðtÞLmðtÞCðs;y;zÞdz
¼
Z ∞
∞
pðtÞLmðtÞ qmFmðsÞ2pussyðsÞszðsÞexp
"
0:5

y
syðsÞ
2#
Vðs;zÞdz
¼pðtÞLmðtÞ qmFmðsÞﬃﬃﬃﬃﬃﬃ
2p
p
ussyðsÞ
exp
"
0:5

y
syðsÞ
2#
(A7)
Note that the second line is derived by putting Eq. (A1) into the
ﬁrst line, and the third line is derived due toZ ∞
∞
expðx2=2Þdx¼
ﬃﬃﬃﬃﬃﬃ
2p
p
.
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